Abstract: This study focused on determining the prevailing Saturation Flow Rate (SFR) for specific lane groups in an urban area: District of Columbia (DC). The lane groups considered were Through (T), shared Through and Right (TR), shared Through and Left (TL), and exclusive Left turn (L) lane groups. These SFR values could then be used to calculate the local base SFR. The study determined the prevailing SFR for these lane groups based on data collected at 81 intersections. The hypothesis that the mean SFRs for all the lane groups are different was tested at a 5% level of significance. From the results, the mean prevailing SFR for the T, TR, TL and L lane groups were 1,559, 1,461, 1,566 and 1,460 vphpl respectively. Those prevailing SFRs can be used for planning analyses in the District of Columbia. The results also indicated that these mean prevailing SFRs are statistically similar at 95% confidence interval. Based on the results, a local base SFR for the City can be determined for each lane group.
Introduction
Saturation Flow Rate (SFR) is a measure of the maximum flow rate of traffic in a specific lane group on an approach to a signalized intersection. SFR is used extensively in planning and operational analysis, and design of signalized intersections. Assuming that an intersection's approach signal could stay green for an entire hour, and the traffic is as dense as it could reasonably be expected, then the maximum number of vehicles that would pass through the approach during that time is defined as the SFR. Therefore, the SFR for a signalized intersection lane group can be defined in broad terms as the maximum number of passenger car units (pcu) per hour of green that flow through a particular intersection lane group. SFR is integrated into several software programs for traffic operation and planning evaluations, such as the Highway Capacity Software (HCS), Synchro, and Transyt-7F. The calculation of vehicle delays and hence the Level of Service (LOS) for intersections relies on reasonable values of SFR. SFR is a critical factor used in LOS analyses for signalized intersections via the methods of the Highway Capacity Manual (HCM). 
Literature Review
Saturation flow rate is defined as the flow rate, in vehicles per hour, that can be accommodated by a lane group, assuming that the green phase was displayed 100 percent of the time, (that is, g/C = 1.0), where g is the effective green time and C is the cycle length (Highway Capacity Manual, 2010) . It is computed by Eq. (1):
where, s = saturation flow rate (vphpl) h = saturation headway (s/veh)
The default saturation headway is 1.9 s, which corresponds to a default base saturation of 1900 pc/h/ln (Highway Capacity Manual, 2010) . The idealized saturation flow rate is shown in Fig. 1 A study conducted in 2007 (Long, 2007) showed that an ideal SFR is not the same for different locations. Long (2007) T h e Pe n n s y l v a n i a D e p a r t m e n t o f Transportation (PENNDOT) District 12-0 (Dunlap, 2005) conducted a study in 2005 to determine the appropriateness of lower ideal SFR established by field measuring a sample of SFRs, from which the ideal SFR was computed. The ideal SFR used by District 12-0 was 1,800 pcphgpl. The data collection was performed according to HCM procedures. Data were collected for through, left-turn and right-turn lane groups at five intersections in four different counties in southwestern Pennsylvania. The comparisons of ideal SFRs by county, lane type, approach grade, lane width, percentage heavy vehicles, atmospheric conditions, and time of day were analyzed using a one-way ANOVA and Duncan's Test. The study concluded that an ideal SFR of 1,800 pcphgpl used in District 12-0 was ideal. However, the study determined a weighted average ideal SFR 1,701 pcphgpl for the intersections studied.
A SFR study was conducted at 25 signalized intersections in Panama City, Republic of Panama in 2006 (Lewis and Benekohal, 2006) . The purpose of the study was to determine the saturation headway and saturation f low rate in Panama City. The study focused on only through lanes while considering the effect of heavy vehicles with variations in lane widths on saturation headways. T he percentages of heav y vehicles considered were 0, 10, 20, 30 and 40. Forty cycles for each site were used for the statistical analysis at 95% confidence level. Field data collection for headways were conducted using the standard HCM procedures based on which a representative SFR and saturation headway for the 25 intersections were calculated. The results of the analysis showed that the saturation headways from the field data were less than the default saturation headway of 1.9 seconds. The SFR for the 25 intersections were also calculated using the field data that showed that the default HCM value of 1,900 pcphplpg was not adequate for Panama City. A greater saturation flow rate was determined for Panama City traffic conditions. A twoway analysis of variance was also conducted to evaluate the effect of heavy vehicles and lane widths over the saturation headways, at a 5% level of significance. The results showed that the influence of heavy vehicles and lane width on saturation headway in Panama City was statistically significant while the interaction effect between heavy vehicles and lane width was also determined to be statistically significant.
In 2009, Zang and Chen in Nanjing, China used linear regression analysis to calibrate saturation flow rate for intersections based on data obtained at nine intersections. The study focused on the impact of heavy vehicles on saturation flow rate; other factors were not considered for this research. Therefore, it was assumed that: 
Research Methodology

Selected Sites for SFR Data Collection
Through Lane Group (T)
Sixty through lane group (T) signalized intersections were identified for this study. They were selected based on their location in 6 zones with different characteristics previously defined by DDOT. Zone 5 represents the Central Business District (CBD) or downtown of the District of Columbia. The remaining zones (1-4 and 6; or radial areas) feed into Zone 5. The majority of the intersections were located in the Central Business District in Washington, DC and covered various types of intersections and lane groups.
Shared Through and Right Lane Group (TR)
Fifteen (15) intersections were selected for the shared through and right-lane group.
These intersections were selected based on the availability of traffic volumes and queue lengths.
Shared Through and Left-Lane Group (TL)
Five (5) intersections were selected for the shared left-turn and through lane group. These locations were selected based on the signal phase sequence and the operation of the left turn movement. Only lead protectedpermitted TL movements were considered.
Exclusive Left-turn Lane Group (L)
Six (6) locations were selected for the exclusive left-turn lane group. These locations were also selected based on the lead signal phase sequence and the protectedpermitted operation mode of the turn movement.
Data Collection
Vehicle discharge headway observations for T, TR, TL, and L lane groups at the 81 intersections were conducted during the morning (7:30 A.M. to 10:30 A.M.) and evening (3:30 P.M. to 6:30 P.M.) peak hours on weekdays from Monday to Friday. The field data required determining the prevailing SFRs for each lane group by using the procedures described in the HCM. The data collection process was conducted at the beginning of the green indication for the T and TR lane groups. For the TL and L lane groups data collection started at the beginning of the green ball with a green directional arrow. For each lane group, the lane observed to have the longest queue was selected for observation. Using stopwatches, the time (t 4 ) was recorded when the rear axle of the fourth vehicle crossed the stop bar of the approach. The time (t n ) was also recorded when the last vehicle in the queue at the beginning of green light crossed the stop bar. The total number (N) of vehicles stopped in the queue at the beginning of the green was also recorded. Based on the HCM recommendation, a minimum of 15 cycles were observed to achieve a representative statistical sample. At least eight vehicles were observed in a queue before the data was recorded. Otherwise, the data for that cycle was ignored. The average headway was then computed by Eq. (4): (4) 3.3. Data Analysis
Saturation Flow Rate
When measured in the field, the prevailing SFR have units of vehicles per hour per lane. This can be computed using the following formula:
where s = saturation flow rate (vphpl) h = average time headway (sec/veh) T he follow ing descr iptive statistical summaries were computed for all the intersections in each lane group for the morning and evening peak periods:
• Average headway, • Mean SFR,
• Standard deviation (of the SFR), • 95% confidence interval (of the SFR).
Test of Hypothesis
The proposed hypothesis is that there is at least a significant difference between the average prevailing SFR for T, TR, TL and L lane groups. A one-way ANOVA was used to test the hypotheses and is expressed mathematically as:
where and are the average prevailing SFRs for exclusive through, shared through and left-turn, shared through and right-turn, and exclusive left-turn lane groups respectively. A 95% confidence interval was used to test the hypothesis with the assumption that the sample is normally distributed. If the associated p-value is determined less than ( = 0.05) (p-value < ), we fail to accept the null hypothesis. However, if the p-value is greater than (p-value > ), we fail to reject the null hypothesis. This test was conducted due to the fact that the magnitude of base SFR cannot be assumed equal for all lane groups used in this study. Table 1 presents the summary of the average headways for each lane group which were used to calculate the prevailing SFR. 
Results
Average Headways
Through Lane Group
The summary of the descriptive statistics for the prevailing SFR by zone for through lane only is presented in Table 2 . From the table, the highest mean prevailing SFR was determined to be 1,692 vphpl for the intersections in Zone 2, while the lowest was determined to be 1,523 vphpl in Zone 5 during the A.M. peak hour. The highest and lowest values of the mean prevailing SFRs in the P.M. peak hour were determined to be respectively 1,613 and 1,480 vphpl, which were in Zones 3 and 5 respectively. For the 60 intersections, the mean prevailing SFR for both A.M. and P.M. peak periods were respectively 1,577 and 1,542 vphpl, corresponding to an overall mean prevailing SFR of 1,559 vphpl for all the intersections. At 95% confidence interval, this overall average prevailing SFR value falls between 1,363 and 1,755 vphpl. Table 3 , the shared TL lane group has the highest prevailing SFR for both time periods (1,544 vphpl and 1,588 vphpl during the morning peak hour and evening peak hour respectively). The morning peak hour has a higher prevailing SFR than the evening peak hour for the lane groups except for the shared TL lane group, which has a higher prevailing SFR during the evening peak hour and at the same time, has the highest overall mean prevailing SFR of 1,566 vphpl. 
Mean Prevailing SFR by Lane Groups during the AM Peak Hour
The mean prevailing SFRs by lane groups during the evening peak are presented in Fig.  4 . It can be observed that TL lane group had the highest mean prevailing SFR of 1,518
vphpl, followed by the T lane group (1,542 vphpl) . Again, the TR lane group had the lowest mean prevailing SFR of 1,426 vphpl followed by the L lane group with 1,503 vphpl. As a consequence, we fail to reject the null hypothesis at 5% level of significance. 
Discussion of Results
According to the 2010 HCM, determining the prevailing SFR is the first step in the determination of a local base SFR for a local jurisdiction. The prevailing SFR is adjusted to and combined with different factors to determine a local base SFR. A local base SFR can be used to accurately determine the existing LOS and control delay of an intersection.
From the results, the highest mean prevailing SFR for the through lane group was computed to be approximately 1,692 vphpl, while the lowest was 1,523 vphpl during the A.M. peak hour. The highest and lowest values of the mean prevailing SFRs in the P.M. peak hour were determined to be 1,613 and 1,480 vphpl respectively. For the 60 locations observed for the through lane group, the overall mean SFR was approximately 1,560 vphpl, which falls between 1,363 and 1,755 vphpl at a 95% confidence interval.
Also, the through lane group had the highest prevailing SFR of 1,577 vphpl during the morning peak hour, while the shared leftturn and through lane had the highest prevailing SFR of 1,518 vphpl during the evening peak hour. The mean prevailing SFR were generally higher during the A.M. peak hour for all the lane groups except the L lane group, which had a higher prevailing SFR during the evening peak hours. At 5% level of significance, the mean prevailing SFRs for all the lane groups considered in this study are statistically equal.
Conclusions and Recommendations
Based on the outcome of this study, the local base SFR for signalized intersections can be determined following the process prescribed in the HCM. The adjusted SFR can be computed for each lane group in the data set. Using the average prevailing SFR determined in this study, the local base SFR can then be computed using the following formula: The study concluded that the prevailing SFR values for the T, TR, TL, and L lanes groups were statistically similar.
